Titania represents an important material that has wide applications. The bactericidal efficiency of TiO 2 has been shown to be dependent on the size of the nanoparticles, so it is important to be able to reliably estimate their dimensions. In this study, a stable TiO 2 cluster suspension is produced by the thermal solvent process, and ultrasmall clusters (Ͻ1 nm) with different sizes are obtained by size-selection treatment. MALDI-TOF-MS and LDI-TOF-MS are shown to be useful for characterization of these ultrasmall nanoparticles. Peak maxima are found to correlate with nanoparticle size, and the possibility of using these mass spectrometry-based approaches to estimate nanoparticle size is affirmed. The size distributions of TiO 2 nanoparticles obtained from MALDI-and LDI-TOF-MS are in good agreement with parallel TEM observations. Finally, PSD analysis of inorganic nanomaterials is performed and valuable information about the structure of analytes has been obtained. (J Am Soc Mass Spectrom 2007, 18, 517-524)
T itania (that is, species composed of titanium and oxygen) represents an important material that is used widely in photocatalysis [1] [2] [3] , sensor technology [4] , optical coatings [5] , and pigments [6] . It has been used for the destruction of toxic organic compounds and microorganisms such as bacteria and viruses, in addition to its applications in purification of polluted air and wastewaters [2, 3] . Titania's advantages over other materials are that it is relatively inexpensive, nontoxic, and it exhibits a high photostability in adverse environments, among other desirable surface properties. It is also being used in low-cost, highly efficient dye-sensitized solar cells [7, 8] . Titania itself has a relatively large band gap and is unable to absorb a significant part of the visible light spectrum. When coupled with suitable charge-transfer dyes, however, it can quantitatively convert visible light photons into electric current [7, 8] . It has been widely used as a model transition-metal oxide because of its rather simple electronic structure, which is characterized by a filled valence band and an empty conduction band [9] .
Cluster models have been frequently used in theoretical calculations of titanium dioxide bulk or surface properties [10 -12] . However, for experimental study of titania clusters produced by evaporation and sputtering, it is difficult to achieve control over particle size, size distribution, and shape because the reactions of molecular precursors require rather high temperatures. There are many reports on isolated titanium (IV) nanoclusters produced by wet chemical methods [13, 14] , although, to our knowledge, there are no reports on isolated stable nanoclusters with diameters Ͻ1 nm.
High-temperature organic solution phase synthesis is a very promising method to develop many nanocrystals with controlled shapes and sizes. In this method, one can control the growth of the nanoparticles by choosing the proper capping ligand. We seek to produce titania clusters by reaction of titanium alkoxide in a nonpolar solvent, along with an air-and water-free environment, because hydrolysis of titanium alkoxide is difficult to control if there are even trace amounts of water.
Both transmission electron microscopy (TEM) and powder X-ray diffraction (XRD) analyses are typically used to measure the shapes, sizes, and size distributions of nanocrystal samples. However, standard TEM instrumentation is not so readily adapted to the analysis of nanoparticles that are Ͻ1 nm in size. First, it is statistically insignificant to infer average size and a size distribution for the ensemble by examining only a tiny region in a TEM image because the chosen areas of the grid may not be representative of the ensemble [15] . Second, it is not easy to definitively determine the boundary between the cluster and grid on a TEM image when cluster sizes are smaller than about 2-3 nm [15] . Moreover, changes in the size of clusters may occur during the drying process, possibly caused by, but not limited to, aggregation and chemical changes (such as oxidation or hydration). Fitting XRD data to the Scherer equation to calculate cluster size is of limited accuracy because the Scherer equation strictly applies only to uniformly shaped, noninteracting nanoparticles with an assigned distribution of sizes [15, 16] .
Mass spectrometry (MS) represents an alternative means to determine sizes and size distributions of nanoparticles by obtaining accurate mass information. The mass spectra of nanoparticles will provide size information through calculation using the known particle density values. Also, valuable structural information may be obtained concerning nanoparticle composition through knowledge of fragmentation pathways and the relative abundances of nanoparticle components. Beyond its widely acknowledged applications in biological, molecular, and polymeric systems, MS has been successfully used to characterize various nanoparticles such as fullerenes [17, 18] , silica clusters [19] , metal chalcogenide clusters [20 -24] , gold nanocrystals [25] [26] [27] [28] , and several other nanomaterials [29 -33] .
Electrospray (ES) ionization [34, 35] coupled with tandem MS (MS/MS) has become a powerful tool for analyses of nanoparticle composition [22-24, 30, 36 -38] provided that the nanoparticle can be suspended in a solvent of moderate polarity without decomposition or other reactions. Laser desorption/ionization time-of-flight mass spectrometry (LDI-TOF-MS) has also been used to record mass spectra and determine specific atomic compositions of large gold nanocrystals with masses of tens of kilodaltons without the use of matrices [25] [26] [27] [28] . In sharp contrast, in the absence of suitable matrices, biological polymers such as proteins, DNAs, and carbohydrates, as well as large (for example, 10,000 Da) synthetic polymers tend to fragment under laser irradiation, thus making it very problematic to observe intact molecular ions. However, matrix-assisted laser desorption/ionization (MALDI) can be used for fast analyses of sizes and size distributions of nanoparticles when suitable matrices are found. Although not truly tandem MS, post-source decay (PSD) [39, 40] can provide additional valuable information about the structure of analytes observed by MALDI-TOF. Because TiO 2 has been used as a photocatalyst for killing bacteriaand bactericidal efficiency has been shown to be dependent on the size of the nanoparticles present-the current study seeks to determine sizes and size distributions of ultrasmall TiO 2 nanoparticles using MALDI-TOF and LDI-TOF mass spectrometry with PSD analysis. This report presents results of our synthesis and characterization of ultrasmall TiO 2 nanoparticles (that is, Ͻ1 nm).
Experimental

Materials
All chemicals were purchased and used as received without further purification. Distilled, deionized water (Milli-Q Systems, Millipore Corp., Billerica, MA, USA) was used throughout. Matrices used in this experiment, dithranol, ␣-cyano-4-hydroxycinnamic acid (␣-CHCA), 2,5-dihydroxybenzoic acid (DHB), or sinapinic acid, were purchased from Aldrich Chemical (Milwaukee, WI, USA 
Nanoparticle Preparation
Titania clusters were prepared using titanium tetrabutoxide [Ti(OC 4 H 9 ) 4 ] as the precursor and trioctylamine as the capping agent in a benzyl ether solvent with heating. Trioctylamine was chosen as the capping ligand because its three-dimensional structure may prevent smaller clusters from aggregating to form larger particles. The synthesis experiment was carried out in a three-neck flask equipped with a condenser and an argon stream. Typically, 1 mL Ti(OC 4 H 9 ) 4 and 1 mL trioctylamine were added into 10 mL hot benzyl ether at 563 K with stirring for 24 h; the color of the solution changed gradually from yellow to dark red as the reaction continued. The size-selection process involved centrifugation using a pair of solvents (that is, toluene and methanol) to obtain different-sized TiO 2 clusters; the final products were redissolved in toluene. The term "raw nanoparticles" refers to precipitation without size selection throughout this paper. After size selection, the cluster sample suspensions appeared red, except for the raw nanoparticle suspensions, which were slightly gray. Although one could anticipate the formation of stoichiometric Ti x O 2x , when clusters are formed, there is usually a slight deviation from this strict 1:2 stoichiometry.
XRD and TEM
XRD patterns were recorded using an X-ray diffractometer (Cu-K␣, Philips X'pert systems, Natick, MA, USA). The TiO 2 cluster suspensions were deposited onto a single Si substrate, and each diffraction pattern (2 ϭ 20 -80°) was scanned for 12 h because of the relatively low signal-to-noise ratio characteristic of TiO 2 clusters. A JEOL-2010 (JEOL, Peabody, MA, USA) transmission electron microscope (TEM) operating at an accelerating voltage of 200 kV was used to investigate the morphology of the raw clusters.
Mass Spectrometry
Mass spectra were acquired on an Applied Biosystems Voyager Elite MALDI-TOF mass spectrometer with delayed extraction (Applied Biosystems, Framingham, MA, USA) equipped with a pulsed N 2 laser ( ϭ 337 nm). Either dithranol was used as the matrix, or no matrix at all was used, which implies laser desorption/ionization (LDI) in the latter case. An extraction voltage of 20 kV was typically used. Laser intensity was adjusted to just above the threshold energy for appearance of titaniumcontaining ions except in PSD experiments where the energy was 20 -30% higher. All mass spectra were acquired in the positive reflectron mode using delayed extraction. Each nanoparticle mass spectrum consists of an average of 50 -100 laser shots. In preparation for MALDI, 3 L of nanoparticle suspension was mixed with 3 L of dithranol matrix in chloroform; then, 1 L of the mixture was deposited onto the MALDI plate and allowed to air dry. The diameters of the investigated particles were always smaller than the surface area illuminated by the laser beam, and thus data in the mass spectra originate from many individual nanoparticles. The instrument was externally calibrated using monoisotopic peaks from the dithranol matrix (MH ϩ at m/z 227.071) and from oxidized insulin chain B (MH ϩ at m/z 3494.651); angiotensin I was used for PSD calibration. Data processing was performed using IGOR Pro 4.07 (Wave Metrics, Lake Oswego, OR, USA).
Results and Discussion
When Ti x O 2x clusters are formed, there is usually a small deviation from this exact stoichiometry, but for the purpose of this text, we will use the term "TiO 2 " to represent the clusters. TiO 2 nanoparticles are usually produced by hydrolysis of organometallic compounds. During the hydrolysis process, it is very easy to incur aggregation to form larger particles. In our case, TiO 2 nanoclusters were produced by reaction of Ti(OC 4 H 9 ) 4 in a thermal solvent system. Trioctylamine was chosen as the capping ligand because its bulky three-dimensional structure may prevent smaller clusters from aggregating to form larger particles. Like most organometallic compounds, Ti(OC 4 H 9 ) 4 is highly moisture sensitive. The reaction was therefore carried out under an argon atmosphere. After reaction, post-treatment size selection was employed to allow tuning of the particle size and size distribution.
In the suspension of nanoparticles, the energetic barrier to aggregation caused by steric hindrance from capping ligands (such as trioctylamine used here) is strongly dependent on the energy of mixing between the tethered capping groups and the solvent. Introduction of a nonsolvent (methanol in this case), miscible with the original dispersing solvent (toluene), destabilizes the nanoparticle dispersions. The nanoparticles then "aggregate" and precipitate, leaving many of the synthetic by-products in solution. The resulting powders may be redispersed in a variety of solvents, such as alkanes and aromatics, if the capping ligands are well bound to the surface of the nanoparticles. By using this treatment, fine-tuning of the particle size and size distribution can be achieved. After such size selection, the resulting TiO 2 clusters (with capping ligands) were maintained in toluene where they exhibit good stability.
TEM images of the raw nanoparticles are shown in Figure 1 ; from these, we can estimate that the mean nanoparticle size is about 2.5 nm and that there are some elongated nanocrystals produced as well. The length of these less predominant elongated nanocrystals is about 5 nm with widths of approximately 1-2 nm. Because of the projective nature of the TEM image, it is not straightforward to deduce the exact percentage of elongated particles versus spherical ones. The highresolution micrograph (Figure 1b) clearly shows that the lattice plane along the growth direction of the nanocrystals is (001). After size selection, the cluster dimensions could not be determined by TEM because the TEM employed is not capable of adequate resolution. For particles with even smaller size (estimated to be Ͻ1 nm in our case), given the low contrast across the boundary between a cluster and the grid, high-quality TEM images are a challenge to obtain. The organic layer on cluster surfaces also affects the quality of TEM images. The organic groups at the cluster surface cannot be observed with electron beams, nor can the size of this organic group "shell" be determined [15] .
TiO 2 has seven different polymorphic forms, four of which are found in nature. The three common natural crystalline forms are: anatase, rutile, and brookite. All consist of octahedrally coordinated Ti cations arranged in edge-sharing chains, but they differ in the number of shared edges and corners. The octahedra in anatase share four edges and four corners, whereas the rutile Ti octahedral shares two edges and six corners and brookite Ti octahedral shares three edges and five corners [6, 41, 42] . Figure 2 shows the XRD patterns of TiO 2 raw nanoparticles (curve A) and size-selected TiO 2 clusters (curves B-D). According to the XRD data, all the peaks in curve A (raw nanoparticles) can be indexed as anatase TiO 2 [43] . We estimated the raw anatase particle size using the Scherer equation [16] . On the basis of the (100) peak, the average particle size is 2.3 nm, whereas on the basis of the (200) peak, it is 2.5 nm. These estimations are in good agreement with the results from TEM observations except that there are some elongated nanocrystals observed in the TEM images. After size selection, there are large differences between XRD patterns. For curve B, the (200) peak becomes much broader compared with other peaks in this curve. However, the XRD pattern of curve B can still be confidently indexed as the anatase phase of TiO 2 . The XRD patterns presented in curves C and D are extremely weak, peaks are broad, and the data are noisy. They are quite different from the XRD patterns of anatase and rutile, although the positions of the broad (200) peak maxima seem to coincide more with those of anatase. This suggests that long-range ordering structures in the size-selected clusters do not exist, and that the solids are essentially X-ray amorphous [6] . This may be caused by the extremely high surface area-to-volume ratio. Experimental X-ray absorption fine-structure (XAFS) data show that TiOO bond lengths in nanocrystalline titanium dioxide are shorter than the bulk phase value of 1.94 Å, and can be as low as 1.79 Å for surface atoms, as a result of TiOOH bonding [44, 45] . It was also reported that the curvature of the surface causes a decrease in the coordination number of the titanium ion from the normal octahedral environment (six) to where it has a coordination number of four or five [44 -46] . According to the simulation of Naicker et al. [47] for small nanoparticles, the bulk phase structural features of TiO 2 will exhibit decreased importance as the surface atoms make up a larger fraction of the total.
Initially, a limited effort was made to find appropriate matrices that would allow us to obtain MALDI-TOF mass spectra of the size-selected clusters. However, the use of several commonly used matrices [that is, ␣-cyano-4-hydroxycinnamic acid (␣-CHCA), 2,5-dihydroxybenzoic acid (DHB), and sinapinic acid] failed to result in detection of titanium oxide ions; only matrix peaks were observed. In the presence of these organic acid matrices, the titanium oxide nanoparticles appeared to clump together, which makes the usual functions of the MALDI matrix (that is, isolation of analyte molecules and transfer of absorbed photon energy to analyte species) inefficient. Moreover, the use of methanol as solvent for these matrices was found to accelerate precipitation and aggregation (clumping) of the titanium oxides, further obscuring the ability to observe titanium oxide species in mass spectra.
The use of dithranol as the matrix, however, did yield signals representative of positively charged titanium oxide species. Unlike the above three organic acid matrices, dithranol lacks a strongly acidic group. Matrix solutions were prepared by dissolving 10 mg of dithranol in 1 mL of dry chloroform without the use of methanol. Naturally occurring titanium is composed of five stable isotopes:
46 Ti (10.8%), 47 Ti (9.9%), 49 Ti (7.5%), 50 Ti (7.3%), with 48 Ti (73.8%) being the most abundant; this unique isotopic pattern facilitates the assignment of titanium-containing species. Using LDI without any matrix also gave signals corresponding to titanium oxide cations. This is in accordance with the fact that TiO 2 is a fairly strong UV absorber, and TiO 2 itself has been used as a matrix for MALDI experiments [48 -50] . The observation of similar results by MALDI and LDI without the presence of a matrix has some precedent; similar behavior was observed when studying ferrite nanoparticles [29] and rhenium halide nanoparticles [51] .
Numerous detected peaks in the spectra showed isotopic clusters characteristic of titanium-containing ions. Careful review of the isotopic patterns revealed that these titanium oxide species were uniformly singly charged. Above m/z 250, titanium isotopic peak patterns exhibited considerable overlap, thus making the spectra rather complicated to interpret. Figure 3 shows the isotopic distribution comparison of the m/z range from 440 to 455 centered at m/z 448. The top spectrum is the positive ion reflectron MALDI MS experimental result; the middle spectrum is the theoretical isotopic distribution of Ti 6 O 10 ϩ ; and the bottom one is the theoretical isotopic distribution of Ti 6 ϩ . The singly charged ions can be directly assigned from the experimental data as a result of the high resolution of the instrument in the reflectron mode used in this experiment. The experimental data deviate slightly from the theoretical isotopic distribution and some overlap with other desorbed ions at both ends of the isotopic pattern can be clearly seen. Figure 4 shows the MALDI mass spectra from m/z 250 to m/z 5000 acquired for three TiO 2 nanoparticle preparations, each being characterized by a different size distribution. Upon MALDI irradiation, each monodispersed sample presented a broad normal-shaped distribution of ions with a single maximum that was analyzed and subjected to mathematical treatment. The smoothed peak maxima were determined to be around m/z 1130 (A), 1030 (B) and 520 (C) for samples of progressively decreasing cluster size, as determined by fractional crystallization. Possibly because of the fact that each spectrum represents data obtained from irradiation of multiple particles, the obtained maxima exhibited only minor variations (mean variation ϭ 4.7 Ϯ 1.7%) in replicate samples. Coupled to the peak shift, a narrowing of the peak shape is also observed as size becomes smaller. It should be noted that the major dithranol matrix peaks (that is, m/z 225, 226, 227, and 211) are well below the range of the smoothed peak maxima. Higher mass matrix peaks appear in only minor abundances, and thus they have a negligible influence on nanoparticle size calculations.
Varying the laser power changes the individual titanium oxide peak intensities without a significant change in the position and shape of the high-intensity broad normal-shaped MS peak maximum. The absence of m/z shift suggests that titanium oxide nano- materials are ionized without the ligand shell. Even at lower laser powers, the capping material is most likely lost in the laser plume, as was previously observed for other nanocrystal measurements by LDI-TOF-MS [21, 27] . Employing certain assumptions, LDI-and MALDI-TOF-MS have found use for the determination of nanoparticle sizes [21, 26 -28] . If the nanocrystals are presumed to be spherically shaped and the mass of attached protons or cations can be ignored, the diameter (d) of nanomaterials can be calculated by using the following equation:
where (m/z) exp is the smoothed peak maximum obtained from MALDI or LDI mass spectra; N A is Avogadro's number; and and z are the density of, and charge carried by, the nanoparticles, respectively. Assuming TiO 2 nanoparticles have the same density as the bulk TiO 2 , the densities () of the two most important TiO 2 crystalline forms, anatase and rutile, are 3.84 ϫ 10 Ϫ21 and 4.26 ϫ 10 Ϫ21 g/nm 3 , respectively. Using the density value of the anatase crystalline form, the diameters of the three samples ( Figure 4A -C) were calculated to be 0.98, 0.95, and 0.75 nm, respectively. Thus, low-resolution MALDI-TOF peak maxima are shown to correlate with anatase cluster size, and the possibility of using MALDI-TOF-MS to estimate clusters size is affirmed. The size distributions of TiO 2 nanoparticles obtained from MALDI-TOF-MS and Eq. 1 are in good agreement with our TEM observations. Upon increasing the laser power, peaks below m/z 200 progressively emerge, and these were subjected to PSD. Figure 5A is the LDI-TOF mass spectrum of TiO 2 nanoparticles showing the mass range centered at m/z 167. Figure 5B is the theoretical isotopic distribution of Ti 2 O 3 Na ϩ , whereas Figure 5C is the PSD spectrum of the precursor ion [Ti 2 O 3 ϩ Na] ϩ at m/z 167. Neutral loss of Ti 2 O 3 yields Na ϩ at m/z 23. This demonstrates that MALDI-TOF and LDI-TOF peaks originating from titanium oxide nanoparticles can contain sodium (a ubiquitous contaminant).
Characterization of an isolated titanium oxide molecular cluster prepared by controlled hydrolysis of titanium tetraethoxide in the presence of methacrylic acid was previously performed by electrospray TOF-MS [30] . The cluster fragmentation patterns were carefully studied and the experimental results suggest that the core structures of the fragmentation products are analogous to those found in bulk titanium oxide materials. The polycondensation of Ti(OC 4 H 9 ) 4 has been studied by electrospray, LDI, and MALDI [52] [53] [54] . Several possible structures of the oligomers of Ti(OC 4 H 9 ) 4 detected by ES-MS using direct infusion of alcoholic solutions were given [53, 54] . The LDI and MALDI mass spectra resulting from alcoholic preparations of Ti(OC 4 H 9 ) 4 also showed three series of peaks corresponding to ions containing at least three titanium atoms [52] . Our mass spectra are more complex than those of previous reports [52] [53] [54] , with titanium isotopic peak patterns spread from m/z 200 to around 3000. One major difference between those experiments and ours is that the previous studies focused on the hydrolysispolycondensation behavior of alcoholic solutions containing Ti(OC 4 H 9 ) 4 , whereas we are interested in the TiO 2 nanoparticles synthesized by the thermal solvent process.
It should be noted that the expected molecular ions of Ti(OC 4 H 9 ) 4 (for example, protonated at m/z 340) did not stand out in mass spectra because of their low abundances and because of the significant number of other species appearing in this region of the spectrum. Potentially, incomplete hydrolysis [6] of all butoxide ligands may be responsible for some of the background peaks. It is very likely that some proportion of the alkoxy groups will remain in the hydrolysates. Similarly, complete condensation of the alkoxide to TiO 2 is very unlikely, and some proportion of the hydroxide groups formed during hydrolysis is likely to remain in the hydrolysates. Sample impurities and the complexity of resulting cluster compounds complicate interpretation, especially without separation of synthetic products [55] .
Conclusions
We have shown that a stable TiO 2 cluster suspension is produced by the thermal solvent process and clusters with different sizes are obtained by size selection. XRD patterns of clusters with sizes Ͻ1 nm are very different from the principal peaks of the larger particles stemming from the extreme surface area-to-volume ratio. We successfully used MALDI-TOF-MS and LDI-TOF-MS to characterize ultrasmall (Ͻ1 nm) nanoparticles. Peak maxima observed in MALDI-TOF and LDI-TOF mass spectra were shown to correlate with nanoparticle size. The obtained size distributions of TiO 2 nanoparticles are in good agreement with TEM measurements made on the identical samples. PSD analysis of inorganic nanomaterials has also been performed. PSD data demonstrate that MALDI-TOF and LDI-TOF peaks originating from titanium oxide nanoparticles may appear as sodium adducts. The ability to obtain detailed information concerning subnanometer titania nanoparticles has important implications for the continuing development of nanoparticle-based bactericidal agents. [36, 37, 38] .
